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Due to the easy availability, low cost and opportunities for 
exploiting reactions of bromo substituents, 1, 3, 6, 8-
tetrabromopyrene has attracted major attention in organic 
electronics community for designing and constructing novel 10 
classes of pyrene based organic semiconducting functional 
materials. In the present work, 1, 3, 6, 8-tetrabromo pyrene was 
transformed into corresponding tetrasubstituted carbazole and 
phenothiazine derivatives using the classical Suzuki coupling 
reaction. These newly synthesized materials with carbazole 15 
substituent (PY-CA) and phenothiazine substituent (PY-PH) 
were characterised thoroughly and were successfully used as an 
active light-emitting layer in organic light emitting diodes which 
resulted in blue and green emission with promising device 
performance. PY-CA exhibited maximum brightness around 20 
2500 cd/m2 and power efficiency of 1.5 lm/W while PY-PH 
exhibited 2116 cd/m2 brightness and power efficiency 0.45 lm/W 
respectively.  
Introduction 
Since the discovery of organic light emitting diodes (OLEDs), 25 
numerous classes of light emitting organic semiconductors have 
been designed and developed and these efforts are still continuing 
in order to find materials that are easy to synthesize and exhibit 
improved solution processability and high efficiency.1-3 The 
OLED technology has been used successfully for flat panel 30 
display and solid-state lighting applications.4,5 Still there is a 
demand for the development of efficient pure red, blue, and green 
light emitting materials for OLEDs.  Blue light emitting materials 
are also one of the important key elements for fabricating white 
OLED devices. Conjugated building blocks such as antracene,6 35 
pyrene,7 phenothiazine 8 and carbazole 9  have been successfully 
used for designing and synthesizing light emitting active layers 
for OLED devices. However, current OLEDs still have some 
problems to get pure strong emission with lower power 
consumption which is determined by driving voltage and 40 
efficiency of the devices. Low driving voltage and high efficiency 
are required to reduce the power consumption of OLEDs.10 In 
addition to the above issues, the electroluminescence properties 
of blue-emitting materials remain challenging,11 particularly in 
terms of easy availability, lower cost, efficiency, stability, and 45 
color purity. Thus, it is very important to explore the new class of 
blue materials using various synthetic methodologies and 
potential starting precursor building blocks. Among such 
potential building blocks, pyrene conjugated system have 
attracted considerable interest in the designing of small organic 50 
molecules for different applications including OLEDs12-15 and 
organic field effect transistors (OFETs)16-19 due to its fused four 
aromatic condensed planar structure. Pyrene is a promising 
chromophore with higher fluorescent quantum yield which makes 
it an attractive candidate for designing functional materials for 55 
fluorescent probes and labeling experiments. Recently, N, N-di-p-
methoxyphenylamine-substituted pyrene has been successfully 
used as a hole transporting materials for perovskite based solar 
cells with high efficiency. 20 These examples clearly reveal that 
pyrene is a versatile conjugated building block and can be used 60 
for designing a variety of conjugated functional materials. Pyrene 
posseses excellent thermal & chemical stability but on its own is 
not a good candidate for light emitting devices due to its excimer 
emission tendency which diminishes the fluorescence 
efficiency.21,22 Nonetheless, this limitation of pyrene has been 65 
overcome by introducing bulky groups with long alkyl chains 
which enhances fluorescence quantum efficiency in OLEDs and 
also reduces the aggregation of the final material. 23 Over the last 
few years, our group has been exploring 1, 3, 6, 8 substituted 
pyrene based conjugated molecular functional materials for 70 
organic electronic devices. Initially, we reported a series of star-
shaped organic semiconductors using bithiophene, phenylene, 
thienothiophene, and benzothiadiazole-thiophene chromophores. 
Among them, 1, 3, 6, 8-tetrakis (4-butoxyphenyl) pyrene, was 
used as the active emitting layer in simple solution-processed 75 
OLEDs with deep blue emission (CIE= 0.15, 0.18) and maximum 
efficiencies and brightness levels of 2.56 cd/A and 5000 cd/m2, 
respectively.24 In our second attempt, we synthesized single, 
double and triple bond incorporated three pyrene cored small 
conjugated molecules with octyloxy naphthalene conjugated 80 
substituent decorated at 1, 3, 6, 8 position of pyrene via Suzuki, 
Heck and Sonogashira coupling reactions, respectively. The 
effects of single, double and triple bonds on their optical, 
electrochemical, and thermal properties were studied in detail and 
all these materials were used successfully in OLEDs. 25 In the 85 
present work, we wish to report design, synthesis and 
characterization of two new compounds 1, 3, 6, 8-tetrakis(9-(4-
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methoxyphenyl)-9H-carbazol-3-yl)pyrene (PY-CA) and 1, 3, 6, 
8-tetrakis(10-(4-methoxyphenyl)-10H-phenothiazin-3-yl)pyrene 
(PY-PH). Although the carbazole and phenothiazine combination 
have been reported as an efficient deep blue and green emitting 
material in OLEDs earlier 26, 27 but so far there is no report in the 5 
literature about using them in the form of tetra-functionalized 
pyrene derivatives for any device application. Our results reveal 
that introduction of carbazole and phenothiazine unit on 
tetrabromopyrene core is the effective way to design wide band 
gap electroluminescent materials. Upon using these materials in 10 
OLED devices, carbazole substituted material exhibits blue 
emission with electroluminescent peak at 493 nm whereas 
phenothiazine substituted compound demonstrates green 
emission with electroluminescent peak at 540 nm. The highest 
brightness for carbazole and phenothiazine substituted pyrene 15 
was measured in OLED devices and which was found around 
2500 cd/m2 and 2116 cd/m2 respectively. The reported OLED 
data clearly indicates that these classes of functional materials 
hold a great promise for designing future cost effective and 
efficient light emitting materials for OLED devices.  20 
 
Experimental 
All chemicals (palladium catalysts, bis (pinacolato) diboron, N-
bromosuccinimide, 4-iodoanisole, potassium acetate and 1, 3, 6, 
8-tetrabromopyrene) and solvents were purchased from Aldrich 25 
and were used without further purification. All the reactions were 
carried out using round bottom flask or Schlenk tube under an 
argon or nitrogen atmosphere in anhydrous solvents. 1H and 13C 
NMR spectra were recorded in CDCl3 on Bruker AC 
spectrometer operating at 400 MHz for 1H and 100 MHz for 13C. 30 
The chemical shifts are referenced to tetramethylsilane (TMS). 
Matrix assisted laser desorption/ionization time-of flight 
(MALDI-TOF) mass spectra were obtained on a Bruker Autoflex 
TOF/TOF instrument using dithranol as a matrix. Melting points 
were recorded by open capillary method. UV-Vis and 35 
photoluminescence (PL) spectra were recorded on Jasco V-570, 
and Cary Eclipse Fluorescence spectrofluorometer, respectively 
using chloroform as a solvent. 
 
Synthesis of 9H-carbazole-9-(4-methoxyphenyl) (2): Carbazole 40 
(2 g, 50 mmol), 4-iodoanisole (2.8 g, 60 mmol), copper powder 
(0.536 g, 50 mmol), potassium carbonate (2.7 g, 100 mmol) and 
triethylene glycol dimethyl ether (TEGDME) (30 mL) were 
added into Schlenk tube and the mixture was stirred under the 
argon atmosphere at 180 °C for 24 h. The reaction mixture was 45 
cooled to room temperature, filtered and poured into 500 mL of 
ice cold water. The white precipitate was collected by filtration. 
Recrystallization from 100 mL of methanol gave white crystalline 
solid (2,27 g, 70 % yield): (mp = 153-154 °C; lit. 154-155°C) 
28.1H NMR (400 MHz ,CDCl3)  = 8.14 - 8.01 (m, 2 H), 7.45 - 50 
7.14 (m, 8 H), 7.08 - 6.98 (m, 2 H), 7.03 (d, J = 9.0 Hz, 9 H), 3.84 
(s, 3 H). 13C NMR (100 MHz, CDCl3)  = 141.3, 128.5, 125.8, 
123.0, 119.9, 115.0, 109.6, 55.6. 
 
Synthesis of 3-bromo-9-(4-methoxyphenyl)-9H-carbazole (3): 55 
9H-Carbazole-9-(4-methoxyphenyl) (5 g, 10 mmol) was added 
into two necked round bottom flask containing chloroform (200 
mL). After purging the reaction mixture for half an hour, N-
bromosuccinimide (3,58 g, 12 mmol) was added and the reaction 
mixture was stirred for 12 hr at room temperature. The solution 60 
was poured into 500 mL of ice cold water and organic layer was 
extracted with   100 mL of dichloromethane. The combined 
organic layer was washed with 200 mL of water, dried over 
anhydrous sodium sulfate and filtered. Removal of solvent on a 
rotary evaporator afforded a crude product which was then 65 
chromatographed on silica with petroleum ether as an eluent to 
obtain title compound (5.51 g, 80 % yield), as a white solid. 1H 
NMR (400 MHz, CDCl3)  = 8.29 (d, J = 1.5 Hz, 1 H), 8.12 (d, J 
= 7.8 Hz, 1 H), 7.60 - 7.41 (m, 4 H), 7.41 - 7.27 (m, 2 H), 7.26 - 
7.09 (m, 3 H), 3.94 (s, 3 H).13C NMR (100 MHz , CDCl3)  = 70 
159.1, 140.9, 129.8, 127.1, 123.0, 122.1, 120.3, 115.2, 112.5, 
111.2, 110.0, 77.1, 55.6. 
 
Synthesis of 9-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-carbazole (4): 3-Bromo-9-(4-75 
methoxyphenyl)-9H-carbazole (2 g, 1 mmol), 
bis(pinacolato)diboron (1.4 g, 1.2 mmol), PdCl2(dppf) (418 mg, 
0.1 mmol) and potassium acetate (1.6 g, 3 mmol) were added in 
Schlenk tube under argon flow and then evacuated for half an 
hour. Under an argon flow, anhydrous dioxane (25 mL) was 80 
added to the reaction mixture. The solution was stirred at room 
temperature for 30 min, and then at 80 °C for 24 h. The reaction 
mixture was quenched by addition of ice-cold water (250 mL) 
and then extracted with dichloromethane (250 mL). The 
dichloromethane solution was washed with water, dried over 85 
anhydrous sodium sulfate and filtered. Removal of solvent on a 
rotary evaporator afforded a crude product which was 
chromatographed on neutral alumina with 2% dichloromethane in 
petroleum ether as an eluent to obtain title compound (1.47 g, 65 
% yield), as a yellow solid.1H NMR (400 MHz , CDCl3)  = 8.63 90 
(s, 3 H), 8.29 - 8.08 (m, 3 H), 7.84 (d, J = 8.2 Hz, 3 H), 7.53 - 
7.20 (m, 19 H), 7.10 (d, J = 8.5 Hz, 6 H), 3.90 (d, J = 0.6 Hz, 3 
H), 1.39 (s, 12 H). 13C NMR (100 MHz, CDCl3)  = 159.5, 142.1, 
132.9, 130.6, 128.7, 126.5, 123.7, 121.2, 115.7, 110.0, 84.2, 56.2, 
25.5 95 
 
Synthesis of 1,3,6,8-tetrakis(9-(4-methoxyphenyl)-9H-
carbazol-3-yl)pyrene (PY-CA):1,3,6,8-Tetrabromopyrene (0.5 
g, 1 mmol), 9-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (2.31 g, 6 mmol), 2M K2CO3 (5 100 
mL) and Pd(PPh3)4 (0.111 g, 0.1 mmol) were added in Schlenk 
tube under argon flow. The flask was evacuated and refilled with 
argon three times and then anhydrous THF (25 mL) was added 
into the flask and reaction mixture was stirred at 80 °C for 48 h. 
The reaction mixture was extracted with dichloromethane (250 105 
mL) and washed with water (500 mL) and dried over anhydrous 
magnesium sulphate. Removal of solvent on rotary evaporator 
afforded a crude product which was then purified using silica gel 
column chromatography with 2% dichloromethane in petroleum 
ether as an eluent to obtain title compound PY-CA (0.969 g, 78% 110 
yield), as a green solid. 1H NMR (400 MHz ,)   = 8.54 (s, 4 H), 
8.38 (s, 10 H), 7.82 (d, J = 1.5 Hz, 4 H), 7.63 - 7.50 (m, 11 H), 
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7.49 - 7.38 (m, 9 H), 7.28 (s, 4 H), 7.21 - 7.13 (m, 8 H), 3.96 (s, 
12 H).13C NMR (100 MHz , CDCl3)  = 158.9, 141.3, 137.8, 
133.0, 129.6, 126.6, 123.0, 120.1, 115.1, 109.7, 55.6. MALDI-
TOF: calculated 1288.00, found 1287.73.   
Synthesis of 10-(4-methoxyphenyl)-10H-phenothiazine (6): A 5 
mixture of phenothiazine (2 g, 50 mmol), 4-iodoanisole (3.36 g, 
60 mmol), copper powder (0.754 g, 50 mmol), potassium 
carbonate (3.30 g, 100 mmol), and triethylene glycol dimethyl 
ether (TEGDME) (30 mL) were added into Schlenk tube and the 
mixture was stirred under the argon atmosphere at 180 °C for 24 10 
h. The reaction mixture was cooled to room temperature, filtered 
and poured into 250 mL of ice cold water. The brown precipitate 
was collected by filtration. The product was purified by 
recrystallization from ethyl acetate to afford yellowish crystalline 
solid (1.83 g, 60 % yield): (mp = 170 °C; lit. 172−173 °C) 29.1H 15 
NMR (400 MHz , CDCl3)  = 7.54 - 7.36 (m, 2 H), 7.31 - 7.18 
(m, 2 H), 7.18 - 7.07 (m, 2 H), 6.96 (dd, J = 2.1, 7.3 Hz, 4 H), 
6.32 (d, J = 7.5 Hz, 2 H), 4.03 (s, 3 H).13C NMR (100 MHz, 
CDCl3) δ = 55.6, 115.7, 116.3,118.9, 122.6, 126.7, 127.4, 132.1, 
132.6, 144.2, 159.1 20 
Synthesis of 3-bromo-10-(4-methoxyphenyl)-10H-
phenothiazine (7): 4-Phenothiazine-10-yl-anisole (2 g, 10 mmol) 
was added into 250 mL two necked round bottom flask 
containing chloroform ( 100 mL). After purging the reaction 
mixture with argon for half an hour, N-bromosuccinimide (1.28, 25 
12 mmol) was added and the reaction mixture stirred for 12 h at 
room temperature. The reaction mixture was poured into 250 mL 
of ice cold water and extracted with dichloromethane. The 
dichloromethane solution was washed with water, separated and 
dried over sodium sulfate. Removal of solvent on rotary 30 
evaporator afforded a crude product which was then 
chromatographed on neutral alumina with 2% ethyl acetate in 
petroleum ether as an eluent to obtain title compound ( 2.14 g, 
85% yield), as a green solid. 1H NMR (400 MHz, CDCl3)   = 
7.43 - 7.22 (m, 2 H), 7.22 - 7.07 (m, 3 H), 7.07 - 6.75 (m, 4 H), 35 
6.21 (d, J = 8.3 Hz, 1 H), 6.05 (dd, J = 5.6, 8.8 Hz, 1 H), 3.92 (s, 
3 H) 13C NMR (100 MHz, CDCl3) = 159.4, 158.9, 132.0, 129.6, 
128.7, 126.9, 122.6, 116.9, 116.0, 55.6. 
Synthesis of 10-(4-methoxyphenyl)-3-(4, 4, 5, 5-tetramethyl-1, 
3, 2-dioxaborolan-2-yl)-10H-phenothiazine (8): 40 
3-Bromo-10-(4-methoxyphenyl)-10H-phenothiazine (2 g, 1 
mmol),  bis(pinacolato)diboron (1.59 g, 1.2 mmol), PdCl2(dppf) 
(383 mg, 0.1 mmol) and potassium acetate (1.5 g, 3 mmol) were 
added into Schlenk tube under argon flow and then evacuated for 
half an hour. Under an argon flow anhydrous dioxane (25 mL) 45 
was added to the reaction mixture. The solution was first stirred 
for 30 min at room temperature, and then at 80 °C for 24 h. The 
reaction mixture was quenched by addition of ice-cold water (250 
mL) and then extracted with dichloromethane (250 mL). The 
dichloromethane solution was washed with water, dried over 50 
anhydrous sodium sulfate and filtered. Removal of solvent on 
rotary evaporator afforded a crude product which was 
chromatographed on neutral  alumina with 2% dichloromethane 
in petroleum ether as an eluent to obtain title compound (1.21 g, 
68% yield), as a green  solid.1H NMR (400 MHz , CDCl3)  = 55 
7.42 (d, J = 1.4 Hz, 1 H), 7.35 –  
7.19 (m, 3 H), 7.19 - 7.05 (m, 2 H), 6.97 (d, J = 9.1 Hz, 1 H), 
6.80 (d, J = 3.8 Hz, 2 H), 6.14 (d, J = 8.0 Hz, 2 H), 3.91 (s, 3 H), 
1.37 - 1.20 (m, 12 H) 13C NMR (100 MHz , CDCl3)  = 159.2, 
133.7, 132.9, 131.9, 126.6, 123.0, 122.5, 122.0, 115.3, 83.5, 55.5, 60 
24.7. 
Synthesis of 1,3,6,8-tetrakis(10-(4-methoxyphenyl)-10H-
phenothiazin-3-yl)pyrene (PY-PH): 1,3,6,8-Tetrabromopyrene 
(0.5 g, 1 mmol), 10-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-10H-phenothiazine (2.49 g, 6 mmol), 65 
2M aqueous K2CO3 (5 mL) and Pd(PPh3)4 (0.111 g, 0.1 mmol) 
were added in Shlenck flask under argon flow. The flask was 
evacuated and refilled with argon three times and then anhydrous 
THF (25 mL) was added into the flask and reaction mixture was 
stirred at 80 °C for 48 h. The reaction mixture was extracted with 70 
dichloromethane (250 mL) and washed with water (500 mL) and 
dried over anhydrous sodium sulphate. Removal of solvent on 
rotary evaporator afforded a crude product which was then 
purified using silica gel column chromatography with 4% 
dichloromethane in petroleum ether as an eluent to obtain title 75 
compound PY-PH (0.819 g, 60% yield), as a yellow solid. 1H 
NMR (400 MHz, CDCl3)  = 8.13 (s, 4 H), 7.85 (s, 2 H), 7.53 - 
7.23 (m, 14 H), 7.22 - 6.95 (m, 16 H), 6.95 - 6.71 (m, 7 H), 6.44 - 
6.13 (m, 8 H), 3.94 (s, 12 H)13C NMR (100 MHz , CDCl3)  = 
159.3, 143.9, 44.5, 135.9, 135.0, 133.3, 132.3, 128.5, 126.8, 80 
125.1, 122.4, 119.6, 115.7, 55.6- MALDI-TOF: calculated 
1415,04. found 1415.37 
OLED Device Fabrication: 
OLED devices were fabricated using PY-CA and PY-PH active 
emitting layer for evaluating the electroluminescent (EL) 85 
performance. The OLED device configuration 
glass/ITO/PEDOT: PSS/PY-CA or PY-PH/TPBi/Ca/Ag was 
used. Patterned ITO glass substrates were routinely cleaned by 
detergent and deionized water, then blown dry by nitrogen gas 
and kept in a 110 oC oven for 3 h before a 25 min ultra-violet 90 
ozone (UVO3) surface treatment. Filtered poly (3, 4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) 
solution was spin-coated on the patterned ITO glass substrates 
and they were baked at 140 oC for 20 min. The thickness of the 
PEDOT: PSS films were controlled to 150 nm. Then PY-CA and 95 
PY-PH solutions prepared in chloroform were separately spin-
coated on the individual PEDOT: PSS coated ITO glass 
substrates. They were baked at 70 oC for 20 min. The thickness of 
both PY-CA and PY-PH films were controlled to 20 nm. All the 
spin-coat processes were performed in nitrogen glove box 100 
environment. Both the PY-CA and PY-PH coated substrates 
were then loaded into a thermal evaporation chamber at vacuum 
pressure of below 3x10-6 Torr. 20 nm of 2, 2’, 2"-(1, 3, 5-
benzinetriyl)-tris (1-phenyl-1-H-benzimidazole) (TPBI), 20 nm of 
calcium (Ca) and 100 nm of silver (Ag) were coated on the 105 
substrates. With the completion of the device, EL measurements 
were carried out. The EL emission spectra were measured using 
PR650 CCD camera with a computer controller power supply 
The voltage-current-brightness (I-V-B) characteristics and the 
C.I.E. coordinates were also measured. The current and power 110 
efficiencies were calculated from the I-V-B data of the devices.  
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Scheme-1 
          
 
Scheme-2 5 
 
Reagents:-  (i) 4-Iodoanisole, DMSO, Cu, K2CO3,180
oC, 24 h (ii) NBS, CHCl3, R.T. 12h. (iii) Bis (pinacolato) diboron, Pd (dppf) Cl2. 
KOAc, 80oC, 24 h. (IV) Pd (PPh3)4, K2CO3 (2M), THF, 80
oC, 48 h. 
 
Results and Discussion 10 
In this work, two different conjugated segments viz carbazole and 
phenothiazine were selected for attachment to the central pyrene 
chromophore. In order to induce the solution processibility, a 
methoxyphenyl group was attached to both the carbazole and 
phenothiazine. First, commercially available compounds viz, 15 
carbazole (1) and phenothiazine (5) were converted to 9H-
carbazole-9-(4-methoxyphenyl) (2) and 10-(4-methoxyphenyl)-
10H-phenothiazine (6), respectively in 70% and 60% yield via 
Buchwald coupling using 4-iodoanisole. Compound 2 and 6 were 
then converted to their monobromo derivatives viz 3-bromo-9-(4-20 
methoxyphenyl)-9H-carbazole (3) and 3-bromo-10-(4-
methoxyphenyl)-10H-phenothiazine (7) using standard 
bromination conditions. Subsequent transformation of mono 
bromo compounds (3) and (7) to their respective bisboronic ester 
analogs 9-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-25 
dioxaborolan-2-yl)-9H-carbazole (4) and 10-(4-methoxyphenyl)-
3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-
phenothiazine (8) was carried out using  bis(pinacolato)diboron 
reagent. The target compounds 1, 3, 6, 8-tetrakis(9-(4-
methoxyphenyl)-9H-carbazol-3-yl)pyrene (PY-CA) and 1,3,6,8-30 
tetrakis(10-(4-methoxyphenyl)-10H-phenothiazin-3-yl)pyrene 
(PY-PH) were prepared in 78% and 60% yield via classical 
Suzuki coupling conditions using 1, 3, 6, 8-tetrabromopyrene and 
monoboronic ester analogs (4) and (8)  respectively. Syntheses of 
both final pyrene compounds are shown in Scheme 1 and Scheme 35 
2. Both the derivatives were readily soluble in common organic 
solvents such as dichloromethane, chloroform, toluene, 
tetrahydrafuan, etc. This allowed purification of these compounds 
by column chromatography. The purity of all the synthesized 
precursors as well as final semiconductors were confirmed by 1H 40 
NMR, 13C NMR and MALDI-TOF spectroscopy (see all the data 
in Supporting Information). The optical properties of PY-CA and 
PY-PH compounds were characterized in solution (chloroform) 
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by both UV-vis absorption (UV) and photoluminescence (PL) 
spectroscopy (Figure 1). UV-vis spectra of both compounds 
exhibit two absorption peaks respectively at shorter and longer 
wavelengths. The absorption in the 300 nm to 500 nm region 
clearly indicates the wide band gap nature of the compounds. PY-5 
CA exhibits two absorbance peaks at 339 nm and 400 nm 
whereas PY-PH showed peaks at 340 nm and 450 nm, 
respectively.  The near-identical peaks at 339 nm and 340 nm are 
the signature peaks for the central pyrene core and this is 
comparable with absorbance of molecular pyrene (338 nm). 10 
Compared to the pyrene core, PY-CA and PY-PH exhibits the 
higher wavelength peaks at 400 nm and 450 nm respectively, 
which were arise from the enhanced conjugation between pyrene 
core and the attached carbazole/phenothiazine moiety. The 50 nm 
red shift in PY-PH compared to PY-CA is due to the more 15 
extended conjugation length of phenothiazine than carbazole. 
Both compounds show red shift of about 60 and 100 nm, 
respectively, in their absorption maxima compared to the base 
pyrene compound in solution state. The solution of PY-CA and 
PY-PH under UV-lamp shows deep sky blue and green emission 20 
(see Supporting Information). The peaks of the PL spectra of PY-
CA and PY-PH compounds were recorded at 450 nm and 500 
nm, respectively. The observed PL maxima are 50 nm and 100 
nm red shifted compared to the pyrene photoluminescence 
spectra (PL max 393 nm). 25 
 
Figure 1. UV-vis absorption (upper) and photoluminiscence 
(lower) spectra of PY-CA and PY-PH compounds in chloroform 
solution (1x 10-4 M). PL was measured at the 370 nm excitation 30 
wavalenegth.  
The thin film of PY-PH and PY-CA were spin coated on the 
separate quartz substrates and were measured by UV-vis and PL 
spectroscopy, which is shown in Figure 2. In the solid state, PY-
CA exhibits absorbance maxima at 425 nm whereas PY-PH 35 
showed peaks at 450 nm, respectively. The value of the solid PY-
CA film is 25 nm red shifted compared to the solution 
measurement. Thin film PL measurement of PY-CA and PY-PH 
showed PL maxima at 485 nm and 520 nm respectively. The 
optical band gap of these materials were measured by using spin 40 
coated thin films of PY-CA and PY-PH compounds from 
chloroform solution directly on ITO coated glass .The thin film 
optical data on ITO coated glass for PY-CA and PY-PH are 
shown in Figure 3. The optical band gap light absorption onset 
was determined by extrapolating the steepest slope to the 45 
intersection of the absorption baseline (substrate). The band gap 
for PY-CA and PY-PH are 2.67 eV and 2.50 eV, respectively. 
The observed optical band gaps are in a good agreement with our 
earlier reported thienothiophene substituted pyrene Py-TtC9 (2.44 
eV) 24 and naphthalene substituted pyrene PY-1 (2.83 eV) 25 50 
analogous compounds. 
 
Figure 2. UV-vis absorption (upper) and photoluminiscence 
(lower) spectra of PY-CA and PY-PH compounds in thin film. 55 
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The higher band gap value of PY-CA and PY-PH is a clear sign 
of the wide band gap blue-green emitters. The energy levels of 
PY-CA and PY-PH organic semiconductors were characterized 
by the photoelectron spectroscopy in air (PESA) as shown in 
Figure 4. Thin films of PY-CA and PY-PH were deposited on 5 
the ITO coated glass by spin coating, which were used for the 
determination the ionization potential. The photoelectron yield 
ratio was measured with respect to the applied UV-energy. The 
onset point or slope across this graph gave the HOMO value of 
these materials.30, 31 The HOMO value for the PY-CA and PY-10 
PH are 5.48 eV and 5.40 eV, as recorded by PESA. The lower 
HOMO values of PY-CA and PY-PH are significant for making 
air stable organic electronic devices. The higher HOMO of PY-
PH compared to PY-CA is again attributed to the extended 
conjugated moiety and electron rich sulfur of phenothiazine. This 15 
observation is in good agreement with optical red shift and 
optical band gap measured for PY-PH.  
 
 
 20 
Figure 3. Optical band gap calculated using a thin film of PY-
CA (upper) and PY-PH (lower) spin coated on the ITO coated  
glass substrates.  
 
Density Functional Theory (DFT)32 calculations were performed 25 
to compute molecular structures, the energies of frontier orbitals 
and their localization as well as absorption and 
photoluminescence (PL) spectra. The B3LYP 33 and CAM-
B3LYP 34 exchange-correlations functionals were used with the 
6-31g(d,p) basis set. These B3LYP and CAM- B3LYP 30 
correlations functionals were used because B3LYP provides more 
reliable HOMO (highest occupied molecular orbital) and LUMO 
(lowest unoccupied molecular orbital) energies which can be 
compared to the measured redox levels, while the range-separated 
CAM-B3LYP is preferred for optical properties involving 35 
transitions with significant degree of charge transfer. 
(a) 
 
(b) 
40 
Figure 4 Photoelectro spectroscopy in air (PESA) analysis of 
compound PY-CA (a) and PY-PH (b) compounds in thin film. 
 
The absorption and PL spectra were computed with time-
dependent DFT (TD-DFT). 35 The PL spectra were computed by 45 
optimizing the first excited state. The calculations were 
performed in chloroform with the PCM (polarizable continuum 
model) 36 model of the solvent. All calculations were performed 
using Gaussian 09. 37 The HOMO and LUMO of PY-PH and 
PY-CA are shown in Figure 5 and Figure 6, respectively. In both 50 
comopunds, the HOMO is more delocalized than the LUMO and 
has appreciable amplitude on the phenothiazine and carbazole 
moieties, respectively, while the LUMO is more localized on the 
 This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |7 
central fused pyrene core and partially on the fused backbone of 
the PH or CA units. This also means that there is an appreciable 
degree of charge transfer in the transition responsible for the first 
peak in the absorption and PL spectrum (which we confirmed is 
mostly due to HOMO → LUMO) which calls for the use of a 5 
range-separated hybrid functional in the analysis of optical 
properties. 38, 39 The calculated HOMO and LUMO energies of 
PY-CA are -4.82 eV and -1.63 eV whereas for PY-PH, they are -
4.79 eV and -1.79 eV, respectively. The higher HOMO value for 
PY-PH compared to PY-CA is related to the longer conjugation 10 
length of phenothiazine over carbazole. The HOMO-LUMO band 
gap for PY-CA and PY-PH was calculated to be 3.18 eV and 3.0 
eV, respectively. The computed contraction of the band gap in 
PY-PH vs PY-CA of 0.18 eV matches well with the 
experimentally measured difference in optical band gaps of 0.17 15 
eV. 
 
 
 20 
Figure 5. The electron density isocontours of HOMO and LUMO 
of PY-CA obtained at the CAM-B3LYP level (visualization of 
orbitals here and elsewhere by VESTA). 41 
 
The absorption peak maximum computed with CAM-25 
B3LYP/B3LYP is 379/437 nm for PY-CA and 389/471 nm for 
PY-PH. The absorption spectra are shown in the Supporting 
Information. The peaks computed using the two functionals 
therefore straddle the measured peaks at 400 and 450 nm of PY-
CA and PY-PH, respectively (vide infra). This is expected, as 30 
B3LYP is known to underestimate the excitation energy for large 
conjugated systems and CAM-B3LYP to often overestimate it. 40 
These calculations confirm the red shift of the peak with 
phenothiazine vs carbazole which is observed experimentally. 
The red shift was also confirmed for PL: the computed PL peaks 35 
were 471 and 538 nm for PY-CA and PY-PH, respectively 
(CAM-B3LYP, see Supporting Information). In order to test the 
electroluminescent properties of PY-CA and PY-PH materials, 
we used them as an active emissive layer in OLED devices.  
 40 
 
 
Figure 6. The electron density isocontours of HOMO and LUMO 
of PY-PH obtained at the CAM-B3LYP level. 45 
 
The device configurations of compounds PY-CA and PY-PH are 
ITO/PEDOT:PSS(50nm)/PY-CA (50 nm)/TPBi (20 nm)/Ca (20 
nm)/Ag (100) and ITO/PEDOT:PSS(50nm)/PY-PH (50 
nm)/TPBi (20 nm)/Ca (20 nm)/Ag (100) respectively (see Figure 50 
7). ITO coated glass and calcium with silver act as anode and 
cathode respectively whereas 2,2',2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBI) is an electron transporting 
layer. When a potential is applied, holes are injected from anode 
and electrons injected from the cathode respectively. Due to the 55 
recombination of holes and electrons in the active emissive layer, 
blue and green photon emission was observed in OLED devices. 
The observed electroluminescence (EL) was recorded as shown 
in Figure 7, while the EL performance data are given in Table 1. 
The PY-CA device has an EL maximum of 493 nm emission 60 
peak in the visible blue region with a full wave half maximum 
(FWHM) of 80 nm and CIE coordinates of 0.19 and 0.42. While 
the PY-PH device has an EL maximum of 540 nm in the visible 
green region with a FWHM of 85 nm and CIE coordinates of 
0.37 and 0.59. The PY-CA device shows turn on voltage (Von), 65 
HOMO 
LUMO 
HOMO 
LUMO 
 8|Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 
maximum current efficiency (CEmax), maximum power efficiency 
(PEmax), maximum brightness (MBmax) of 3.3 V, 1.6 cd/A, 1.5 
lm/W and 2500 cd/m2, respectively. Whereas the PY-PH device 
exhibits Von, CEmax, PEmax and MBmax of 3.8 V, 1.1 cd/A, 0.45 
lm/W and 2116 cd/m2. The power efficiency of the PY-CA 5 
device is almost three times higher (1.5 lm/W) than the PY-PH 
device (0.45 lm/W). The CE and PE characteristic of the PY-CA 
and the PY-PH device is shown in Figure 8. 
 
 10 
 
 
 
 
 15 
 
 
 
 
 20 
 
 
 
 
 25 
 
 
 
 
 30 
 
 
 
 
 35 
 
 
 
Figure 7. Carbazole substituted pyrene PY-CA (upper) and 
phenothiazine substituted pyrene PY-PH (middle) based 40 
electroluminiscent spectrum and PY-CA or PY-PH  light 
emitting layer deposited OLED device structure (lower). 
 
 As the voltage increase from 3 V to 4 V, both the CE and PE of 
the PY-CA device increase rapidly to the CEmax and the PEmax of 45 
1.6 cd/A and 1.5 lm/W respectively. As the drive voltage further 
increases, the CE and PE curves of the PY-CA device roll-off 
less rapidly. However, the CE and PE of the PY-CA device still 
remain at higher than one-half of the CEmax and PEmax even as the 
drive voltage is increased from 4 V to 11 V and 7.5 V, 50 
respectively. As the voltage increases from 3.8 V to around 8 V, 
both the CE and PE of the PY-PH device increase gradually to 
the CEmax and the PEmax of 1.1 cd/A and 0.45 lm/W, respectively. 
Unlike the case of the PY-CA device, the CE and PE curves of 
the PY-PH device roll-off more rapidly, the CE and PE drop to 55 
one-half of the CEmax and PEmax when the drive voltage is 
increased from 8 V to 10 V. The overall higher performance of 
PY-CA than PY-PH is attributed to the appropriate energy levels 
for hole injection, better charge transporting and carrier mobility. 
The observed OLED performances for both compounds are much 60 
better than our previously reported naphthalene substituted 
pyrene derivatives.25 The stable blue color output additionally 
proves that PY-CA has high prospective to be a blue emitter in 
OLED applications. The turn on voltage of 3.3 V also makes PY-
CA based OLED device energy efficient.  65 
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Figure 8. CE and PE characteristic of the PY-CA device (upper) 
and the PY-PH device (lower). 
 
The morphological behavior of PY-CA and PY-PH active layer 70 
thin film was characterized by atomic force microscopy (AFM) 
as shown in Figure 9. The measured root mean square (RMS) 
roughness of film samples was 2.32 nm for PY-CA and 1.06 nm 
for PY-PH. The pristine ITO coated glass showed high surface 
roughness with an RMS of 3.25 nm. Smooth film morphology of  75 
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Table1. Electroluminescent performance summary of PY-PH and PY-CA based OLED device 
 
 
Device 
 
 
Turn on 
Voltage 
(V) 
 
Current 
Efficiency 
(Cd/A) 
 
Power Efficiency 
(lm/W) 
 
CIE 
 
 
Electroluminescent 
Peak (nm) 
 
 
Max. Brightness 
(cd/m2) 
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3.3 
 
 
 
 
1.6 
 
 
 
 
1.5 
 
 
 
(0.19,0.42) 
 
 
 
493 
 
 
 
2500 
 
 
 
PY-PH 
 
 
 
3.8 
 
 
 
 
1.1 
 
 
 
 
0.45 
 
 
 
(0.37, 0.59) 
 
 
 
540 
 
 
 
2116 
  
 
5 
Figure 9.  Atomic force microscope images of PY-CA (upper) 
and PY-PH (lower) spin coated thin film on ITO coated glass. 
 
PY-PH film compared to PY-CA might be attributed to the  
more bulky phenothiazine group compared to carbazole moiety. 10 
This is also one of the reasons why PY-CA exhibited better 
OLED performance than PY-PH counterpart. The AFM images 
of PY-CA and PY-PH clearly demonstrated the amorphous 
nature of the thin film with complete coverage of microstructure 
domains on the thin film. Thin film morphology plays crucial role 15 
for light emission in terms of transportation of holes and electrons 
in recombination zone.  
 
Conclusions 
In summary, we have successfully designed and synthesized a 20 
new solution processable 1, 3, 6, 8- tetrasubstituted pyrene based 
electroluminescent organic semiconductors namely PY-CA and 
PY-PH via Suzuki coupling. PY-CA and PY-PH exhibited wide 
UV-vis absorption starting in the region 300 nm to 500 nm with 
an optical band gap of 2.67 eV and 2.50 eV, respectively. The 25 
HOMO values of PY-CA and PY-PH thin films were determined 
using PESA and were found to be 5.48 eV and 5.40 eV 
respectively. PY-CA and PY-PH were used for OLED device 
applications and their electroluminescence properties were 
studied. The turn on voltage for both the devices was calculated 30 
in the range of 3.3 V to 3.8 V. PY-CA exhibited blue emission 
with electroluminescent peak at 493 nm, maximum brightness 
around 2500 cd/m2 and power efficiency of 1.5 lm/W whereas 
PY-PH shows green emission with electroluminescent peak at 
540 nm, maximum brightness around 2116 cd/m2 and power 35 
efficiency of 0.5 lm/W. The reported OLED data clearly indicate 
that this class of functional materials hold a great promise for 
designing future cost effective and efficient light emitting 
materials for OLED devices. Further enhancements are expected 
to obtain improved performance with optimized molecular and 40 
device structure for OLED displays.   
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